We present an analysis of the compatibility between the Galactic Centre Excess (GCE) and the Constrained MSSM (CMSSM). We perform a global fit to the relevant experimental data including the GCE taking into account the systematic uncertainties. We find that the CMSSM is able to account for the GCE and maintain agreement with the other experimental searches, providing the first example that the GCE can be explained in the framework of universal supersymmetry. We map out the region compatible at 2σ and comment on its phenomenology. We find that for the CMSSM to explain the GCE the solution must lie close to the existing limits from LUX, IceCube and the LHC. We show that this provides definite predictions for Run 2 of the LHC, Xenon-1T and future observation with IceCube. Thus there exists the exciting possibility that the CMSSM could be observed in four distinct experimental channels over the next few years, which would be a striking signature for universal supersymmetry.
Introduction
The Galactic Centre (GC) represents one of the most promising targets in the search for dark matter (DM). The GC is thought to contain the largest density of DM in the Milky Way and is thus possibly the brightest source of gamma rays from DM annihilation. It is therefore of great interest that analyses [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12] of the Fermi-LAT data have consistently found an excess over the background estimate in the 2-5 GeV range. The purported galactic centre excess (GCE) is statistically significant and compatible with a contribution from annihilating DM. The situation is complicated by the uncertainty in the expected density profile of DM in the GC and significant systematic uncertainty in the background [11, 12, 13] . It has been suggested that the excess could be due to astrophysical sources such as unresolved millisecond pulsars [14, 15, 7] or an injection of cosmic rays [16] . Recent analyses provide some evidence that the excess is made of unresolved point sources [17, 18] . On the other hand there is some highly tentative evidence that compatible signal may be present in Reticulum II which would bolster the claim that the signal is DM [19] . Currently the situation remains unclear but it has been reported by Fermi collaboration that when considering several different background model the overall fit is improved by the addition of a spherically symmetric component with a spectrum compatible with DM annihilation [13] .
This tantalizing signal has sparked many studies to find solutions compatible with this excess in phenomenological scenarios of new physics including both the Minimal Supersymmetric Standard Model (MSSM) [20, 21, 22] and Next to Minimal Supersymmetric Standard Model (NMSSM) [23, 24, 25, 26, 27] . It has become clear that allowing for the relatively large systematic uncertainties on the background model a range of masses and annihilation final states remain compatible with excess, covering a mass range from 15 GeV ∼ < m χ ∼ < 300 GeV [28] . Given this freedom it is perhaps unsurprising that the signal can be accommodated in the large parameter spaces of the MSSM and NMSSM.
In this paper we explore the possibility that the GCE finds its origin in the Constrained Minimal Supersymmetric Standard Model (CMSSM). The CMSSM is still a popular framework for studying Supersymmetric (SUSY) models described by only a few unified parameters [29] . This presents an interesting scenario since the parameter space of the CMSSM is already highly constrained and observations in different channels (direct detection, LHC, indirect detection) are more highly correlated than in phenomenological models. We perform a global frequentist analysis of the CMSSM including a fit to the GCE. We find that, taking into account the large systematic uncertainty in the backgrounds, the CMSSM is able to explain the GCE although in some tension with other constraints. This provides the first example that the GCE can be explained in the framework of universal SUSY.
The CMSSM has been previously heavily investigated in global fits [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45] and has become increasingly constrained by direct searches of SUSY particles and the measurement of the Higgs boson mass at the LHC, as well as direct detection experiments placing limits on the DM properties. Overall with the exception of the anomalous magnetic moment of the muon the CMSSM has remained compatible with the current observational data 1 . Our recent Bayesian study of the CMSSM parameter space found a preference for solutions with a 1 TeV predominantly higgsino DM but that solutions achieving the correct relic abundance though A 0 -resonance annihilation and stau-conannihilation still contribute to the posterior probability distribution [44] . While the focus point region is less favored due to the limit on the spin-independent scattering cross section coming from LUX.
The paper is organized as follows. In Sec. 2 we describe the scanning methodology, experimental constraints included in the likelihood function and numerical tools used. In Sec. 3 we present the results of the scan characterizing the compatible region, including prospects for future detection at other experiments. We give a summary and conclusions in Sec. 4 
Constraints and methodology
Our aim is to explore the regions of parameter space compatible with the current experimental data including the GCE. Our previous studies followed a Bayesian approach outlined in [46, 47, 36, 41, 44] , in this work we allow for a frequentist interpretation and present results in terms of a χ 2 function. We construct the total χ 2 from a global likelihood function incorporating all of the relevant experimental data. We account for positive measurements with a Gaussian likelihood function and upper limits are implemented as described in [48] . The experimental constraints are summarized in Table. 1. We delay description of the χ 2 contribution from the GCE to the end of this section. The Higgs boson constraint is implemented using HIGGSSIGNALS [49] and HIGGSBOUNDS [50, 51, 52] using FeynHiggs [53] to calculate the Higgs mass and observables. The contribution arising from LUX [54] is applied following the procedure developed in [55] to calculate likelihood map in plane of m χ and the spin-independent scattering cross section with the proton, σ SI p . A similar approach was taken for direct SUSY searches at the LHC and is described in detail in [44] . The upper limit on the spin-dependent scattering cross section, σ SD p , from the IceCube search for dark matter annihilating in the sun [56] , was calculated as follows. For each point the dominant annihilation final state was found and the upper limit for that final state and neutralino mass interpolated from [56] . The χ 2 contribution was then found using the upper limit procedure of [48] . Where a limit was not quoted for the annihilation final state of the model the W + W − final state was used instead. This provides only an approximation to the true χ 2 since in general the neutralino does not annihilate to a single final state. We take the same approach for the upper limit on σv from the Fermi-LAT observations of dwarf galaxies [57] .
We take the constraint on the relic abundance of DM, Ω χ h 2 , as an upper limit only and allow scenarios where the freeze-out relic abundance is below the value given by Planck [58] . There are two frameworks in which to interpret scenarios where the calculated relic abundance is less than the measured value. The first is that the neutralino does not account for the entire DM population as occurs in two component DM models. In this case we apply the scaling ansatz and apply a scaling factor η = Ωh 2 FO /Ωh 2 Planck , where Ωh 2 FO is the calculated relic abundance from freeze-out, everywhere that the DM density appears. Practically this means that DM indirect detection observables are rescaled by a factor η 2 and direct detection by η. In the second framework we do not assume a two component DM scenario and do not apply a rescaling factor to the DM observables. Instead we allow for the situation where an under abundant neutralino has its abundance regenerated by some other mechanism such as late decays of another particle. Such a scenario has previously been explored in the framework of the phenomenological MSSM [59] and acts to strengthen the limits coming from both direct and indirect detection. In the CMSSM we find that viable regions with Ω χ h 2 significantly less than 0.1199 occur only in the second framework and so only present those results here.
Since the GCE depends intimately on the DM density profile in the inner Galaxy we parameterize the halo profile using the generalized Navaro-Frenk-White (NFW) profile [60] . The generalized NFW profile is given after some manipulation by where r is the radius from the GC, ρ 0 is the local DM density, r 0 = 8.5 kpc is the solar radius, r s is the scale radius which we set to 20 kpc and γ is the slope parameter. We allow for two parameters of the halo profile to vary, ρ 0 and γ. ρ 0 enters into the limits from local direct detection experiments as well the limit from IceCube. We therefore apply a rescaling to σ SI p and σ SD p to account for this when comparing to the limits. For the GCE we calculate the J-factor for a range of different γ. During the scan we then interpolate these results and apply a scaling according to ρ 2 0 to get the correct J-factor for each sampled point.
The scan is orchestrated by the BayesFITS package [36, 67, 41, 68, 44] that interfaces many public tools to calculate the physical observables. The sampling is performed by MultiNest [69] using 10000 live points. The evidence tolerance is set to 0.0001 and the sampling was allowed to continue until an adequate number of points with good χ 2 were collected. SoftSusy v.3.3.9 [70] is used to calculate the mass spectrum, while FeynHiggs v.2.10.0 is used to calculate the higher order corrections to the Higss mass, along with M W , sin 2 θ eff and ∆M Bs . SuperISO v.3.3 [71] is used to calculate BR B → X s γ , BR (B s → µ + µ − ). We use micrOMEGAs [72] to calculate the DM observables Ω χ h 2 , σ SI p , σv and σ SD p . Since MutliNest is primarily a Bayesian tool the prior distributions of the model and nuisance parameters must be specified. These are summarized in Table. 2. We combine two samples for positive and negative µ. For a Bayesian analysis it is sufficient to include our knowledge of the nuisance parameters in their prior distributions, in a frequentist interpretation we must include their contribution to the total χ 2 . In addition to the nuisance parameters considered in our previous works, the top quark pole mass, M t , and nuclear form factors, σ s and Σ πN we also allow two parameters related to the DM halo profile to vary. These are the local DM density ρ 0 and the NFW slope parameter γ described above. We do not include ρ 0 or γ in the likelihood function and instead allow them to vary freely according to a gaussian prior. For ρ 0 estimates range between around 0.2 − 0.5 GeV/cm 3 [75, 76] we choose a central value of 0.4 GeV/cm 3 [74] but allow an uncertainty of 0.2 GeV/cm 3 to account for the disagreement between determinations. For the parameter γ we take γ = 1.28 ± 0.7 as found in [11] . We explicitly check that in the converged chains the values do not deviate from the allowed values.
Finally we account for the GCE using the residual signal after background subtraction derived in [11] which has been made publicly available in the form of a covariance matrix Σ accounting for Table 2 : Prior distributions of the CMSSM and nuisance parameters used in the scans. All dimensionful parameters are given in TeV unless indicated otherwise.
the correlated systematic uncertainties in the background model. We account for the theoretical uncertainty in the DM annihilation spectrum by an uncorrelated additional 10% uncertainty as was adopted in a recent study of the MSSM [20] . The χ 2 GCE contribution is then given by
where dµ/dE i is the expected GCE flux from DM annihilations in the i th energy bin, dN/dE i is the measured residual flux the i th energy bin and Σ −1 is the inverse of the covariance matrix. We remark that it has been suggested recently [28, 22] and in preliminary analyses by the Fermi collaboration [13] that the systematic uncertainty in the background may be significantly larger than that considered here, thus allowing a greater range of possible spectra that are compatible with the data.
Results

CMSSM
In this section we present the results of the scan of the CMSSM parameter space. Only one region is found that provides a good fit to both the GCE and other experimental limits. The solution appears in the focus point region, where the lightest neutralino is a mixture of the bino and higgsino. We show in Fig. 1 (a) the points with ∆χ 2 < 5.99 in the (m 0 , m 1/2 ) plane color coded with the contribution from the fit to the GCE, χ 2 GCE . The allowed region requires a low m 1/2 such that the neutralino is light enough to fit the GCE with the best fit to the GCE (shown as a purple circle) occurring adjacent to the current 95% C.L. limit from the ATLAS shown as a red dashed line. The point with the best total χ 2 is found with a somewhat larger m 1/2 and slightly worse fit to the GCE. In general increasing m 1/2 increases the neutralino mass such that the region favored by the GCE is constrained to m 1/2 < 750 GeV. As we will discuss later this leads to a definite prediction for the current LHC Run 2. In contrast m 0 is less constrained and takes values from 4500 GeV to 7000 GeV. In Fig. 1(b) we show the same points now projected in the (A 0 , tan β) plane. Here we see a preference for positive A 0 and a slight preference for larger values of tan β with both the overall best fit and the best fit to the GCE having tan β > 45.
The neutralino has mass 200 GeV ∼ < m χ ∼ < 280 GeV and annihilation cross section 1.5 × 10 −26 cm 3 /s ∼ < σv ∼ < 5 × 10 −26 cm 3 /s The neutralino annihilates predominately to tt with an annihilation fraction between 0.6 to 0.85. The remaining annihilations are to the bb final state. This gives a fit to the GCE with a χ 2 of between 44 ∼ < χ 2 GCE ∼ < 58, assuming the background model and systematics of [11] , which is comparable to that found for regions in the MSSM [20] . It should be noted however that this combination of mass, cross-section and final state is compatible with other analyses [28, 22] including the preliminary fits from the Fermi collaboration [13] .
In Fig. 2(a) we show the favored region in the (m χ , Ω χ h 2 ) plane. Here we see that the majority of points lie close to the measured Planck value of Ω χ h 2 taking into account the theoretical uncertainty. Both the overall best fit point and best fit to the GCE are compatible with the neutralino explaining the entire DM abundance without invoking any additional mechanism. This is rather remarkable given that the Planck data was included as an upper bound only in the likelihood function. It is worth remarking that, since many of the points lie within the combined uncertainty of the theory calculation and experimental value, these solutions would remain valid even if we insisted from the start that the neutralino saturate the DM abundance through thermal freeze-out.
Before discussing the other properties of the allowed region and prospects for confirmation, we briefly discuss the overall χ 2 and relevance for the 2σ region. The contributions to the χ 2 for the best fit point are sumarized in Table. 3. For easier comparison we have exchanged the χ 2 contribution from HIGGSSIGNALS for the simple contribution from only the Higgs mass measurement. Note that the best fit χ 2 = 13.2 is slightly worse than those obtained in fits without the GCE. This is mainly a result of tension between the GCE and the limits from LUX and Run 1 of the LHC. We again stress that the scan is driven by a global χ 2 that includes the GCE data and may underestimate the systematic uncertainty in the background. Points with a relatively poor χ 2 GCE could still be compatible with GCE. However as a result χ 2 GCE tends to push the scan to regions in conflict with LUX and thus the 2σ region extends beyond the limit from LUX.
In Fig. 2(b) we show the allowed points in the (m χ , σ SI p ) plane. We show the 95% C.L. upper limit from LUX calculated using LUXCalc [77] as a red dashed line. As mentioned above the region extends above the 95% C.L. upper limit from LUX demonstrating the existing tension between LUX and the GCE. However it is also clear that points with good fit to the GCE can also satisfy the LUX bound although they must lie relatively close to it. The tension with LUX can be reduced by lowering the local DM density. However, this must in general come with an increase to the slope of the NFW profile such that a high enough annihilation rate is maintained in the GC. This therefore can have only a limited effect before either ρ 0 or γ comes into conflict with their allowed ranges. The limit from LUX could be evaded by underproducing the neutralino so that the scattering rate is scaled according to its relic abundance. However since the spin-independent scattering rate scales like η and the annihilation rate in the GC scales like η 2 the fit to the GCE degrades more rapidly. Clearly future updates from LUX and the upcoming Xenon-1T detector will have sensitivity to this region with the possibility to detect or exclude this region in the near future. For Xenon-1T the expected exclusion sensitivity is ∼ 5 × 10 −11 pb [78] which could decisively rule out the allowed region in the absence of a signal. On the other hand this scenario would predict of the order of hundreds of events after two years of running at Xenon-1T leading to a clear discovery.
Turning to the spin-dependent scattering rate shown in Fig. 2(c) we see that the allowed region lies close to the current limit from IceCube. The limit from IceCube assumes annihilation to W + W − final state. However, since each top quark decay also produces a W we expect the flux of neutrinos to be similar [79] . As was the case for σ SI p , the future sensitivity of IceCube will entirely probe this scenario with possibility to observe of the order of tens to a hundred of events within 5 years of operation with the full 86-string configuration.
We show in Fig. 2(d) the annihilation cross section versus m χ along with the current limit from Fermi-LAT observations of dwarf spheroidal galaxies [57] for the W + W − final state. The entire favored region lies below the current limit assuming a W + W − final state, although again this final state is not the dominant annihilation state for the DM. Broadly speaking, however, this suggests that this scenario is consistent with the non observation of DM annihilation in dwarf galaxies by Fermi-LAT. Again the entire region is within a factor of a few of the limit as is expected to explain the GCE. Note that the picture is reversed with respect to the σ SI p case and points with lower σ SI p correspond to larger σv and vice-versa. This makes the two channels highly complementary in this region such that it is not possible to hide from both experiments for long in the future. In Fig. 3 we show the profile likelihood distributions of the sparticle masses. Firstly we have a relatively precise prediction for the neutralino mass shown in Fig. 3(a) which is directly driven by the shape of the GCE. Connected to this we have the lightest chargino mass as shown in Fig. 3(b) which is mostly higgsino so enters into fit to the GCE by being related to the mixing between the bino and higgsino components of the lightest neutralino. Due to guagino mass universality at the GUT scale the gluino mass shown in Fig. 3(c) is also fairly constrained, since M 3 : M 1 ≈ 6 : 1. This becomes the main prediction for the LHC to arise in this scenario namely that the gluino is light and will appear in Run 2. Extending beyond the CMSSM one could abandon gaugino mass universality at the GUT scale as was recently proposed [80, 81] , and shown to improve agreement with the anomalous muon magnetic moment in CMSSM like models [82] , by decoupling the gluino mass parameter M 3 from m 1/2 . In this case the gluino could be considerably heavier and thus not appear at the LHC. Even if one considers such a scenario the chargino can not be made heavier without effecting the properties of the DM and so this scenario could instead be searched for in electroweakino searches at the LHC. For the squark masses since m 0 is large (as is required in the focus point region to achieve small µ), Run 2 of the LHC will not be sensitive to squark production as can be seen in Fig. 3(d) .
Conclusions
The main conclusion is that it is possible to accommodate the GCE both with and without Ω χ h 2 ≈ 0.1199, even in the simplest and most constrained unified SUSY model, namely the CMSSM. There is however some tension with LUX and LHC. If the CMSSM is the explanation for the GCE however then there is the exciting possibility that we will see signals in spin-independent direct detection experiments, neutrinos at IceCube and gluino and electroweakino production at the LHC all within the near future.
The favored region is in tension with the current limits from both LUX and the LHC, However an analysis of total χ 2 from the conventional data, that is excluding χ 2 GCE , showed that this region can not currently be excluded. The interpretation of χ 2 GCE is complicated by systematic uncertainty in the background model.
We saw that extensions to the CMSSM, namely abandoning gaugino mass universality would lift some of the tension with the limits from Run 1 on the gluino mass. However, even with a heavy gluino Run 2 should still probe this scenario in electroweakino searches.
Insisting on a reasonably good fit to the GCE restricts the CMSSM to a rather small region of parameter space. This leads to a number of definite predictions if the CMSSM is to explain the GCE. These are • The squarks should be heavy ∼ > 4.5 TeV and thus outside of the reach of LHC Run 2.
• The spin-independent scattering cross section is significant and a signal may appear with the next update from LUX and would be of the order of hundreds of events at Xenon-1T.
• The spin-dependent scattering cross section puts the scenario within reach of IceCube after several years of operation.
It is clear from this that should the GCE find its origin in the CMSSM the phenomenology would be extremely rich and striking.
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